In the vertebrate nervous system, axon calibers correlate positively with myelin sheath dimensions and electrophysiological parameters including action potential amplitude and conduction velocity. Neurofilaments, a prominent component of the neuronal cytoskeleton, are required by axons to support their normal radial growth. To distinguish between fiber features that arise in response to absolute axon caliber and those that are under autonomous control, we investigated transgenic mice in which neurofilaments are sequestered in neuronal cell bodies. The neurofilament deficient axons in such mice achieve mature calibers only 50% of normal and have altered conduction properties. We show here that this primary axonal defect also induces multiple changes in myelin sheath composition and radial dimensions. Remarkably, other fundamental fiber features, including internodal spacing and the architecture and composition of nodes of Ranvier, remain unaltered. Thus, many fiber characteristics are controlled through mechanisms operating independently of absolute axon caliber and the neurofilament cytoskeleton.
Introduction
Along myelinated fibers, excitable membrane is limited to nodes of Ranvier, a restriction that imposes rapid and energy efficient saltatory conduction of action potentials (Stampfli, 1954) . Conduction properties are influenced further by axon caliber (Sakaguchi et al., 1993; Kriz et al. 2000) , internodal length (Court et al., 2004) , and the molecular structure of nodes of Ranvier (Bhat et al., 2001; Boyle et al., 2001) . Early ultrastructural investigations demonstrated that myelinated fibers develop stereotyped ratios between axon caliber, myelin thickness, and internodal distances. With increasing axon calibers, myelin sheaths are proportionally thicker and longer. Notably, internodal lengths are ϳ100-fold the caliber of the ensheathed axon (Rushton, 1951; Fried et al., 1982) . Although such conserved relationships confer fundamental properties to the nervous system, the molecular mechanisms engaged to establish and maintain them are not well understood.
One model accommodating the multiple size and spacing relationships between axons and myelin sheaths suggests that myelin-forming cells control the distribution of nodes whereas the axonal cytoskeleton serves to control axon calibers and anchor nodal components (Poliak and Peles, 2003; Sherman and Brophy, 2005) . Notably, sodium channels are linked to ankyrin G (Lemaillet et al., 2003) , which connects to the actin axoskeleton via ␤IV-spectrin. Caspr/paranodin and contactin are concentrated in the paranodal axolemma and anchored to the actin axoskeleton via protein 4.1B (Denisenko-Nehrbass et al., 2003) . The Shaker-type potassium channels are concentrated at the juxtaparanode adjacent to compact myelin. Finally, neurofilaments (NFs) are prominent cytoskeletal components in the internodal domain of all large caliber axons. They assemble from three subunits and bear long sidearms that are highly phosphorylated in myelinated domains (de Waegh et al., 1992; Mata et al., 1992; Garcia et al., 2003; Rao et al., 2003) . As demonstrated in multiple animal models with absent or disorganized NFs, they play an essential role in axon radial growth (Cleveland et al. 1991; Sakaguchi et al., 1993; Elder et al., 1999; Jacomy et al., 1999) . However, because mice null for heavy NF subunit (NFH) achieve normal axonal calibers but conduct action potentials at reduced speeds, NFs control more than the physical dimensions of axons (Kriz et al., 2000) .
In this investigation, we use a mouse model in which axons mature in the absence of an NF cytoskeleton (Eyer and Peterson, 1994) . As expected, radial growth of axons throughout the CNS and PNS is attenuated and conduction is slowed. Different perturbations in myelin sheath dimensions and composition are observed in the CNS and PNS. Despite such axonal and myelin changes, the organization and composition of nodes of Ranvier appear unaltered. These results indicate that fiber phenotypes are controlled by multiple mechanisms. One operates independently of NFs, axon caliber, and myelin thickness to position and assembles nodes of Ranvier. The other depends on NFs and operates in the radial dimensions increasing axon calibers to achieve adequate conduction velocities.
Materials and Methods
Mice. The production of the NFH-␤-galactosidase (NFL-LacZ) transgenic mice was described previously (Eyer and Peterson, 1994) . Subsequently, the transgene was maintained as a randomly bred line derived from B6C3F1 s and by backcrossing to multiple inbred strains. In this investigation, we used the B6C3F1 derivatives and, for the serial section study, backcross C57BL/6 mice.
Optic and electron microscopy. Samples were prepared for embedding in Epon as described previously (Eyer and Peterson, 1994) . For light microscopy, 1-m-thick sections were stained with methylene blue-azur II. For electron microscopy, ultrathin (75 nm) sections were collected on copper grids, counterstained with 5% uranyl acetate and lead citrate, and examined using a JEOL (Peabody, MA) JEM 2010 electron microscope.
Preparation of teased sciatic fibers. Sciatic nerves from 3-month-old mice were isolated and rinsed in phosphate buffer. They were teased onto Star Frost slides (Knittel Gläser, Braunschweig, Germany) and allowed to dry. Fibers were incubated with 1% osmium tetroxide for 1 h at 4°C, washed in water, and counterstained with 0.1 M FeCl 3 /2 M acetic acid for 1 h and 0.02 M K 3 Fe, pH 4, for 30 min. Slides were mounted with Aquatex (Merck, Whitehouse Station, NJ) and analyzed using a Leica (Oberkochen, Germany) DMR microscope and IM500 software.
Isolation of myelin. Tissues were removed from 4-month-old mice, weighed, homogenized in 0.25 M sucrose, and centrifuged for 10 min at 500 ϫ g at 4°C. The supernatant was then centrifuged for 10 min at 11000 ϫ g at 4°C, and the resulting pellet was resuspended in 10 volumes of 0.25 M sucrose. The same volume of 0.88 M sucrose was added delicately below, and centrifuged for 3 h at 100000 ϫ g at 4°C. Myelin was collected at the interface between the two sucrose layers, and resedimented at 15000 ϫ g for 30 min at 4°C. The pellet was homogenized in 10 volumes of ice-cold water and centrifuged at 15000 ϫ g for 30 min at 4°C. This step was repeated twice. The final pellet was weighed.
Western blot and immunofluorescence analysis. Tissues collected from 4-month-old animals were homogenized in 320 mM sucrose and protease inhibitors, and centrifuged for 5 min at 2000 ϫ g at room temperature. This crude extract was then centrifuged at 100,000 ϫ g for 1 h and the resulting pellet was resuspended in the same solution. The amount of proteins was determined using the BCA Protein assay kit (Pierce, Rockford, IL). Proteins (50 g) were solubilized in Laemmli buffer (Laemmli, 1970) , heat-denatured, electrophoresed on 7.5% SDS-polyacrylamide gels, and electrotransferred onto nitrocellulose membranes (Millipore, Lake Placid, NY) for immunoblotting. Membranes were blocked overnight using 10% dry milk diluted in TBS and then incubated with primary antibodies.
Immunofluorescence staining of frozen tissue samples was performed as described by Arroyo et al. (2002) and analyzed with a confocal microscope (BX50 with Fluoview software 3.0; Olympus, Tokyo, Japan). Concentrations of antibodies used for Western blot (WB) and immunofluorescence (IF) were as follows: mouse anti-␤III-tubulin (1:1000; Sigma, St. Louis, MO); mouse anti-pan-sodium channel (WB, 1:1000; IF, 1:100; Sigma); rabbit anti-voltage-gated sodium channel 1.2 (Nav1.2; 1:100; Alomone Labs, Jerusalem, Israel); rabbit anti-Nav1.6 (1:100; Alomone Labs); rabbit anti-␤IV-spectrin (WB, 1:500; IF, 1:50; gift from M. Solimena, University of Technology Dresden, Dresden, Germany); chicken anti-␤IV-spectrin (1:400; gift from M. Komada, Tokyo Institute of Technology, Yokohama, Japan); mouse anti-neuregulin 1 type I (1:200; Thermo Fisher Scientific, Fremont, CA); rabbit anti-neuregulin 1 type III For Western blots, peroxydase-conjugated secondary antibodies (1: 1000; Dako, High Wycombe, UK) were revealed using the enhanced chemiluminescence (ECL) detection system (GE Healthcare BioSciences, Arlington Heights, IL) and radiographic films (Hyperfilm ECL; GE Healthcare Bio-Sciences). Band intensities were determined using NIH-Image software and quantifications were normalized against levels of tubulin. Control to transgenic ratios were calculated from at least three experiments. For immunofluorescence, secondary antibodies (diluted 1:200) were Alexa Fluor 488 goat anti-mouse IgG antibodies, Alexa Fluor 568 goat anti-rabbit IgG antibodies, and Alexa Fluor 488 goat antichicken IgG antibodies (Invitrogen, Eugene, OR).
Morphometrical analysis. Axonal caliber and myelin thickness were measured on methylen blue-azur-II-stained semithin sections of sciatic nerve and spinal cord. The cross-sectional axonal area of myelinated axons was measured and axonal caliber was determined by the diameter of a circle of area equivalent to each axon. The g ratio was determined by dividing the diameter of the axon by the diameter of the fiber (axon with myelin). Nodal and paranodal length were measured on longitudinal sections of the spinal cord or the sciatic nerve following, respectively, anti-pan sodium channel and anti-Caspr immunolabeling. Measurements were done using a Leica DMR microscope (100ϫ objective) and the Leica QWin software or the Leica IM500 software. The internodal length was measured as described in the results section. Significant differences were determined using simple or paired t test.
Results

CNS and PNS fibers regulate myelin thickness differently in response to reduced axon calibers
The NFH-␤-galactosidase fusion gene is controlled by NFH regulatory sequences. Consequently, it initiates expression in prenatal transgenic mice and expression is maintained throughout life. Axons in such mice are constitutively deficient for NFs, undergo limited radial growth, and maintain inappropriately small calibers. As reported previously (Eyer and Peterson, 1994) , mature motor axons in these mice have calibers approximating 50% of normal; average axon calibers in the lumbar 4 (L4) ventral roots from 110-d-old control and transgenic littermates were, respectively, 4.56 m (1027 fibers) and 2.61 m (927 fibers). Here, we extend this quantitative analysis to include more distal PNS axon segments and CNS fibers. Cross sections from sciatic nerves of 4-month-old mice were obtained 2-3 mm distal from the sciatic notch. Average axon calibers in transgenic sciatic nerves were only 53% of normal with respective values of 1.98 m (2228 fibers) and 3.73 m (2002 fibers) ( Fig. 1 A, B) .
To evaluate the extent of axon caliber reduction in CNS fibers, cross sections were obtained from the thoracic spinal cord of 5-month-old mice. On each side of the midline, starting at the deep medial boundary of the ventral funiculus and extending ventrally and laterally, a contiguous population of fibers was measured. In this unbiased sampling approach, fibers of all calibers were included. The mean axon diameter in control samples was 3.05 m (2095 fibers) and 1.65 m (2073 fibers) in transgenic samples (Fig. 1 A, B) . Similar to the PNS, the average caliber of NF-deficient CNS axons was only 54% of normal. However, the caliber of the smallest myelinated axons was similar in transgenic and control samples.
Axons and their associated myelinating cells develop and maintain a similar axon caliber-sheath thickness ratio regardless of absolute axon calibers or their trajectory in the CNS or PNS compartment. Although a similar reduction in axon calibers is observed in the CNS and PNS of NFH-LacZ mice, myelination levels in the two sites differ markedly (Fig. 1C,D) . The caliberreduced axons in the CNS are invested with proportionally thinner myelin such that the average g ratio (axon diameter/fiber diameter) is similar to control values (0.76 Ϯ 0.05 vs 0.78 Ϯ 0.05). In contrast, and as observed for spinal root fibers (Eyer and Peterson, 1994) , axons in the sciatic nerves of NFH-LacZ transgenic mice recruit inappropriately thick myelin relative to their absolute calibers ( Fig. 1 A, C,D) , resulting in an average g ratio of 0.52 Ϯ 0.09 vs 0.63 Ϯ 0.06 in control ( p Ͻ 0.001). As revealed in Figure 1 D, this relative hypermyelination occurs for axons of all calibers (Fig. 1 D) . Despite the affected myelination, additional malformations were not obvious.
The difference in relative myelin thickness observed between the CNS and PNS fibers of transgenic mice is reflected in the total amount of myelin isolated from the two tissues by sucrose gradient techniques. The amount of myelin extracted from control and NFH-LacZ sciatic-nerve samples was similar (605 and 588 mg of myelin/g of tissue, respectively). In contrast, the amount of myelin extracted from control brains (158 mg of myelin/g) was more than twice that recovered from transgenic brains (62 mg of myelin/g). A similar difference was observed for transgenic and control spinal cord samples (471 and 192 mg of myelin/g, respectively). These observations require that oligodendrocytes and Schwann cells respond differently to the lack of axonal NFs and/or reduced axon calibers.
Composition and structure of myelin sheaths in CNS and PNS fibers of NFHLacZ transgenic mice
To investigate whether the differences in CNS and PNS myelin extended to major myelin components, we compared the relative accumulation of myelin proteins by Western blot analysis. Equal amounts of crude myelin extract isolated from brains and spinal cords were loaded per well. Equivalent amounts of proteolipid protein (PLP), myelin basic protein (MBP), CNPase, and CD9 were detected in transgenic and control samples. Similarly, the quantity of MBP, CNPase, and CD9 appeared to be similar in transgenic and control sciatic-nerve samples. In contrast, P0 accumulation was reduced by 23 Ϯ 8% in transgenic sciatic-nerve myelin extracts ( Fig. 2 A, Table 1 ).
The periodicity of myelin is highly conserved among vertebrates (Hildebrand, 1972) . Because experimental alterations in P0 expression are known to alter the periodicity of both peripheral and central myelin (Giese et al., 1992; Yin et al. 2006) , we compared the periodicity of myelin sheaths of similar thickness in the sciatic nerves of 3-month-old transgenic and control mice. Consistent with previous studies, the interpe- riodic distance observed in the P0-deficient myelin of the NFHLacZ mice (13.8 Ϯ 1.1 nm) was increased relative to control values (12.2 Ϯ 0.9 nm; p Ͻ 0.001) (Fig. 2 B) . Although this increased periodicity could contribute to the relative hypermyelination observed in such peripheral fibers, it is not sufficient to account for it. In the CNS, the thinner myelin observed in NFHLacZ transgenic mice was not associated with any alteration in interperiod spacing (11.1 Ϯ 0.8 nm) (Fig. 2 B) .
Previously, a role for axonal neuregulin-1 type III (Nrg1 type III) in the control of PNS myelin thickness was reported. A potential role for Nrg1 type I in the control of CNS myelin thickness was also suggested (Michailov et al., 2004) . To determine whether the altered axon caliber-myelin relationships in NFH-LacZ mice could be achieved through this pathway, we compared the amount of Nrg1 type I and type III and their coreceptor erbB2 accumulated in sciatic nerves and spinal cords of 3-month-old transgenic and control mice (Fig. 2C ). The amounts of Nrg1 type I in CNS and PNS samples were similar between the two genotypes and no differences were observed in the amounts of Nrg1 type III accumulated in transgenic and control spinal cord samples. However, the amount of Nrg1 type III accumulated in transgenic sciatic nerves was significantly reduced by 50 Ϯ 18% ( p Ͻ 0.05). Finally, although no change was found for erbB2 expression in transgenic sciatic nerves, levels of erbB2 were increased by 32 Ϯ 8% in transgenic spinal cords ( p Ͻ 0.05) (Fig. 2C ). Although these observations highlight the intriguing possibility that signaling based on Nrg1 and erbB2 may be affected in NF null fibers, they also demonstrate that this mechanism is not shared, at least in its entirety, by CNS and PNS fibers.
Internodal lengths in both PNS and CNS fibers remain normal despite reduced axonal calibers and altered myelin thickness
Both internodal distance and myelin thickness are proportional to axon caliber (Rushton, 1951; Fried et al., 1982) . If the absolute size of axons plays an important role in this relationship, the caliberreduced axons in NFH-LacZ mice should maintain correspondingly shorter internodes. However, if internodal distance was unaffected, it would suggest that the mechanism determining nodal spacing operates independently of absolute axonal caliber, myelin thickness, and axonal NFs. Multiple strategies were used to estimate and measure internodal lengths in both the CNS and PNS of transgenic and control mice.
Because Schwann cells elaborate only one myelin sheath, any deviation from the normal internodal length would cause a change in the number of Schwann cells associated with a unit length of fiber. Thus, if internodal lengths decrease in NFdeficient axons, the peripheral nerves in NFH-LacZ mice would maintain a larger-than-normal Schwann cell population. To estimate the size of the Schwann cell population, cross sections from mid L4 roots obtained from 2-week-and 3-month-old control and transgenic mice were examined by electron microscopy (20,000ϫ) and the number of myelinated axons and Schwann cell nuclear profiles were counted. In 2-week-old mice, Schwann cell nuclei were associated with 5.43 and 4.73% of the ventral root axons in control and transgenic samples, respectively. Equivalent The crude myelin extracts from brain, spinal cord, and sciatic nerve of 3-month-old control (Ϫ) and NFH-LacZ (ϩ) mice were analyzed by Western blot using antibodies recognizing P0, PLP, MBP, CNPase, CD9, and tubulin (Tub) for control. The two bands shown for MBP are the 14 and 17 kDa isoforms and were combined for quantification. The amount of these proteins was unaffected in transgenic mice, except for P0 that was decreased by 23 Ϯ 8% in NFH-LacZ sciatic nerves. B, Electron micrographs showing periodicity of myelin in the sciatic nerve and the spinal cord of 3-month-old mice. Scale bar, 20 nm. Densitometry graphs described the myelin period in sciatic nerve and spinal cord from control and transgenic mice. Arrows indicate deflections corresponding to major dense lines. Note the difference of lamellar spacing between control and NFH-LacZ sciatic nerves. C, Western blot analysis of Nrg1 types I and III, and erbB2 in total protein lysates from control and NFH-LacZ sciatic nerve and spinal cord. Expression of Nrg1 type III is reduced in NFH-LacZ sciatic nerve whereas erbB2 is increased in NFH-LacZ spinal cord.
results were observed for control and transgenic dorsal roots, but, as a higher proportion of small caliber fibers support the sensory system, Schwann cell nuclear profiles were associated with a higher proportion of axons (6.8% in control and 6.7% in transgenic samples). Because internodal length increases with maturation (Court et al., 2004) , Schwann cell nuclei were encountered less frequently in the samples from 3-month-old mice. A ventral control root contained 954 fibers and 27 Schwann cell nuclear profiles (2.83%) whereas the corresponding transgenic root contained 1037 fibers and 31 nuclear profiles (2.99%).
To evaluate internodal distances directly, we also measured internodal lengths on teased sciatic nerve fibers. A typical teased fiber preparation is shown in Figure 3A . Although the distance between nodes in the two fibers is similar, the transgenic fiber has an obviously reduced caliber. As predicted, a linear relation between the diameter of myelinated fibers and internodal length in both control and transgenic sciatic nerves was observed (Fig. 3B) . A linear regression of fiber diameter versus internodal length was calculated, which was significantly different from zero ( p Ͻ 0.001), with an r 2 value of 0.4356 and 0.3834 for control and transgenic samples, respectively. Note that for similar diameters, fibers from transgenic mice have internodes longer than those from control mice. When expressed as the ratio of internodal length versus fiber diameter, control samples had the predicted ratio approximating 100, whereas in the transgenic sample this ratio was approximately doubled. Moreover, the internodal lengths measured for the sciatic nerves of 3-month-old mice revealed statistically similar mean lengths for transgenic and control fibers (637 Ϯ 157 m vs 561 Ϯ 136 m, respectively). Note also that the distribution observed in the transgenic sample indicates a tendency toward longer internodal distances in the reduced caliber fibers (Fig. 3C) . These combined data demonstrate that internodal spacing is not reduced in PNS fibers maintaining normal amounts of myelin on caliber reduced axons.
To establish internodal lengths in the CNS, we measured internodal distances using serial cross sections. Because individual oligodendrocytes typically myelinate multiple axons and support a variable number of internodes, estimates of internodal distances based on the number of oligodendrocytes per length of a given CNS track would be error prone. Also, teased fibers are difficult to prepare reliably from CNS tracts obviating direct visualization of internodes. To overcome such issues, thoracic spinal cord segments from 3-month-old mice were embedded in Epon and 1000 serial 1-m-thick sections were mounted in order and stained with toluidine blue. One hundred large caliber axons were followed through all sections. Nodes of Ranvier were recognized by a local reduction in axon caliber and disappearance of the myelin sheath (Fig. 3D) . Internodal length was established according to the number of sections separating two nodes. The mean internodal length observed in control and transgenic samples was similar: 393 Ϯ 151 m (n ϭ 82) for control versus 387 Ϯ 154 m (n ϭ 86) for transgenic mice (Fig. 3F ) . Moreover, a similar relationship between fiber diameter and internodal length was observed (Fig. 3E ) with a positive linear regression, significantly different from zero ( p Ͻ 0.001) with respective r 2 values of 0.3018 and 0.3531. As observed in the PNS, for CNS fibers the ratio between internode length and axon diameter was ϳ100 in control and ϳ200 in transgenic samples. These data suggest that CNS fibers without NFs establish internodes of the same length that they would have achieved had their axonal diameters not been reduced by experimentally withholding the NF cytoskeleton. In addition, because the thickness of the myelin sheath is proportionately reduced in the CNS fibers of NFH-LacZ mice, these data also demonstrate that absolute myelin thickness is not of significance to the mechanism establishing nodal spacing.
Node of Ranvier dimensions in fibers lacking axonal neurofilaments NF phosphorylation status correlates positively with interfilament spacing and increased axonal caliber in numerous normal and experimental circumstances. Notably, the reduced caliber of axons at nodes of Ranvier is associated with locally dephosphorylated NFs. Thus, it has been proposed that the NF phosphorylation status plays a role in controlling relative axonal dimensions in nodal and internodal segments (De Waegh et al., 1992) . If this hypothesis is correct, axon calibers in both nodal and internodal domains in the NF-deficient NFH-LacZ fibers may be similar. However, large caliber reductions were observed at all of the nodal regions encountered in the spinal cord cross sections obtained from NFH-LacZ mice (Fig. 3D) . Furthermore, we measured nodal calibers in subpopulations of fibers selected to have similar internodal calibers and again, the control and transgenic results were equivalent. The selected control sample of 172 fibers had a mean internodal caliber of 3.7 Ϯ 1.11 m and a mean nodal caliber of 1.07 Ϯ 0.35 m whereas the corresponding transgenic sample had a mean internodal caliber of 3.41 Ϯ 1.04 m and a mean nodal caliber of 1.06 Ϯ 0.32 m (Fig. 4 A) .
Nodal and internodal calibers also were estimated by measuring their dimensions on semithin transverse sciatic nerve sections (Fig.  4A) . Sixty-one control fibers with an average internodal caliber of 3.93 Ϯ 1.06 m demonstrated an average nodal caliber of 0.59 Ϯ 0.14 m. For the NFH-LacZ sample, the results were similar; 67 fibers with an average internodal caliber of 3.56 Ϯ 0.86 m had an average nodal caliber of 0.53 Ϯ 0.14 m. Because axons with and without a local NF cytoskeleton reduce their calibers at nodes to the same extent, the mechanism establishing nodal dimensions appears to include axonal components other than NFs.
To determine whether a similar reduction in nodal axon caliber also occurs in NF-deficient PNS fibers, we evaluated longitudinal sections obtained from L4 ventral root. Figure 4 , B and C, shows an electron micrograph of a typical node of Ranvier encountered in an NF-deficient fiber. Despite the lack of NF throughout the axon profile, a marked decrease in caliber is observed at the node. Also, prominent electron dense transverse bands are observed between paranodal loops and the axolemma (Fig. 4C, arrowheads) , suggesting that such nodes contain mature axoglial junctions.
Axonal calibers in small unmyelinated axons are influenced more by microtubules than NFs (Friede and Sarnorajski, 1970) . As a denser microtubule array replaces the NF-deficient axoskeleton in myelinated axons of NFH-LacZ mice (Eyer and Peterson, 1994) , microtubules might contribute disproportionately to axon calibers. If such compensation were unequal in internodes and at nodes, it might account for the relative decrease in nodal calibers. To investigate this possibility, we determined whether the microtubule density differed between internodal domains and the node of Ranvier (Fig. 4D,E) . In the presence of axonal NF, the density of microtubules at the node of Ranvier in CNS fibers increases twofold when compared with the internode. Similarly, in NFdeficient axons, the density of microtubules at the node of Ranvier is increased when compared with the internode although to a lesser extent (1.3-fold). In PNS samples, microtubule density at the nodes of Ranvier was increased 2.8-fold in the presence of NF and 1.9-fold in the absence of NF. Because NF deficient axons in the PNS recruit myelin sheaths that are inappropriately thickfortheirabsolutecalibers,novelorganization of the myelin paranodal loops is required. Packaging supernumerary paranodal loops could be accommodated by extending the paranodes longitudinally, thus providing greater surface area for myelin lamellae to contact the axon or a subset of paranodal loops could terminate superficially failing to contact the axon surface. To distinguish between these possibilities, longitudinal sections through nodes in the L4 ventral roots were examined by electron microscopy. The longitudinal extent of the paranodal region was increased in transgenic fibers, although further ultrastructural abnormalities, including superficially terminating paranodal loops, were not observed.
We next used anti-Caspr labeling to establish the paranode/node/paranode (PNP) length/axon caliber ratios (Fig. 4F) . Consistent with the ultrastructural findings, we observed a significantly increased ratio in NFH-LacZ sciatic nerves compared with controls (8.12 Ϯ 3.23 vs 4.35 Ϯ 1.56, respectively; p Ͻ 0.001). In contrast, the thinner CNS fibers in the NFHLacZ spinal cord with proportionally reduced myelin thickness demonstrated significantly reduced PNP length/axon caliber ratios (6.06 Ϯ 2.00 vs 7.64 Ϯ 2.89 in NFH-LacZ and controls, respectively; p Ͻ 0.01).
Immunolabeling for sodium channels in samples fixed with 4% PFA provided an alternate strategy to evaluate nodal dimensions. As defined by intense sodium channel labeling, nodal lengths were similar in both NFH-LacZ and control samples for both sciatic nerve (1.2 Ϯ 0.5 m vs 1.2 Ϯ 0.4 m) and spinal cord (1.0 Ϯ 0.4 m vs 1.0 Ϯ 0.6 m) samples. As a consequence of the reduced axon calibers in NFH-LacZ mice, the surface area of the nodal axolemma is reduced significantly in both the PNS (5.5 Ϯ 2.8 m 2 vs 8.7 Ϯ 4.3 m 2 ; p Ͻ 0.001) and CNS (2.9 Ϯ 2.0 m 2 vs 3.6 Ϯ 1.7 m 2 ; p Ͻ 0.01).
The molecular architecture of nodes of Ranvier is unaffected by the lack of axonal neurofilaments
Neuronal proteins localized at nodes of Ranvier are variously anchored to the axoskeleton. Sodium channels are linked to ankyrin G (Lemaillet et al., 2003) that is bound to ␤IV-spectrin (Komada and Soriano, 2002) . Similar interactions with the actin cytoskeleton occur at paranodal and juxtaparanodal domains, mediated through protein 4.1B (Denisenko-Nehrbass et al., 2003) . Moreover, actin microfilaments are connected to intermediate filaments via linker proteins such as bullous pemphigoid antigen 1 neuronal and plectin (Foisner et al., 1988; Yang et al., 1996) . Notably, mice expressing mutated ␤IV-spectrin demonstrate NF abnormalities (Yang et al., 2004) , suggesting that these molecules are functionally linked. To determine whether such interacting molecules accumulate normally in NFdeficient fibers, we used Western blot analysis. First, to determine whether the absence of its NF binding partner could affect ␤IV-spectrin accumulation, we evaluated the amount of ␤IV-spectrin present in sciatic nerves and spinal cords of 4-month-old normal and transgenic NFH-LacZ mice. No difference was observed in either the bands detected or their relative intensities (Fig. 5A) . In contrast, Western blot analysis showed that the levels of sodium channels, detected using a pan-Nav antibody, are increased in transgenic spinal cords and sciatic nerves (Fig. 5C ). For spinal cord samples, similar results were observed with an antibody specific to Nav1.2, although the amount of Nav1.6 appeared to be normal. Relative accumulation of these isoforms was not determined in sciatic nerves because they accumulate to levels too low for accurate evaluation.
To determine whether the absence of axonal NF could affect the distribution of axolemmal proteins normally located at nodes, we used immunocytochemistry. Longitudinal sections from both PNS and CNS fibers were analyzed for sodium channels (pan-Na, Nav1.2, and Nav1.6), ␤IV-spectrin, Caspr, and potassium channels (Kv1.1). Localization and immunocytochemical staining intensities appeared to be normal in the transgenic samples (Fig. 5B) . Moreover, the normal switch in sodiumchannel isotype occurs as Nav1.2 is expressed in postnatal day 10 spinal cords ( Fig. 5Bu,Bv) , whereas in mature animals it is replaced by Nav1.6 (Fig. 5Ba ,Bb,Bm,Bn). Finally, the localization of ␤IV-spectrin, Caspr, and Kv1.1 in sciatic nerves and spinal cords was similar between control and transgenic samples (Fig. 5B) . Thus, NFs are not required for the appropriate localization or maintenance of these nodal proteins.
The electrophysiological properties of neurofilament deficient axons are severely affected
The altered morphology of axons in NFH-LacZ transgenic mice predicts major differences in their conduction properties. In the absence of changes in axoplasmic composition, the attenuated caliber of CNS and PNS axons and the maintenance of the internodal length would predict an increase in axonal resistance and, therefore, a longer latency to depolarization threshold at adjacent nodes. This should result in the slowing of conduction velocity, and to investigate this hypothesis, several stimulation/recording paradigms were applied to transgenic and control littermates. Conduction was evaluated at several sites of the PNS of adult mice (3-to 7-month-old). In one experiment, stimulus electrodes were placed on the distal tail with platinum recording electrodes placed between 40 and 50 mm more proximal on nerves exposed at the tail base. Both motor and sensory fibers were stimulated in this preparation, but the majority of the rapid response detected in this experiment is assumed to arise from large caliber myelinated sensory fibers rather than from antidromic conduction in stimulated motor fibers. Slower conduction velocities were observed in the caudal and tibial nerves of transgenic mice. At 3 months of age, transgenic mice conducted at only 65% the rate of normal mice (24.7 Ϯ 1.8 vs 38.2 Ϯ 0.9 m/s) (Fig. 6 A) . The amplitude of the compound action potential (CAP) in transgenic nerves also was attenuated (Fig. 6 B) .
Additional in vivo measurements were designed to evaluate the conduction properties of monosynaptic and polysynaptic pathways. In these experiments, we determined the latency and amplitude of motor evoked potentials. The large-caliber motor fibers in ventral spinal roots were brought to threshold using subcutaneous stimulating electrodes placed over the lumbar spinal cord. Recordings were obtained from electrodes inserted in the gastrocnemius muscle and its tendon. In both control and transgenic mice, biphasic activity of large amplitude was recorded. No significant differences were observed in the interval between initial and peak responses (1.21 vs 1.25 ms) or in the amplitude of the evoked response, but relative conduction rates, revealed as the latency from stimulation to response, was slowed in transgenic mice (P. Lonchampt, unpublished observation).
Two additional stimulating and recording experiments were designed to investigate pathways with multiple synapses. The peripheral and central components of an auditory evoked response (Fig. 6C ) and the primarily cortical response to direct electrical stimulation of the spinal cord at the thoracic level were evaluated (Fig. 6 D) . A succession of four distinct peaks, typical of auditory evoked potentials, were observed in control mice. Although NFH-LacZ transgenic mice revealed a similar pattern, the peaks were less distinct and the latencies of the recognizable waves were prolonged (Fig. 6C) . Somesthesic evoked potentials recorded in control mice present as a triphasic wave, corresponding to the activity of afferents to the spinal cord, followed by a more prolonged negative wave. In transgenic mice, the somesthesic evoked potentials were less defined, more variable, and had increased latencies. (Fig. 6 D) .
Discussion
NFs are essential for axons to achieve normal calibers (Cleveland et al., 1991) . In the NFH-LacZ mice studied here, average axonal diameters in both the CNS and PNS are ϳ50% of normal. However, the absence of axonal NF does not result in a population of fibers with identical calibers. Moreover, the extent of axon caliber reduction is not uniform across all axon populations, because smaller caliber axons show a more limited reduction (Jean and Fressinaud, 2003) . These results show that although NFs play a fundamental role in axon radial growth, they do not act alone to determine the final caliber of axons.
An intact myelin sheath is necessary for NFs to be fully phosphorylated. Thus, any myelin disruption leads to local axonal NF dephosphorylation and a corresponding reduction in axonal caliber (DeWaegh et al., 1992; Kirkpatrick et al., 2001) . Consistent with this relationship, NFs are poorly phosphorylated at the node of Ranvier and the axonal caliber is reduced (Mata et al., 1992) . However, the relative extent of caliber reduction at nodes is similar between axons with and without NFs, indicating that molecules different from NFs participate in sculpting nodal dimensions.
Without axonal NFs, numerous compensatory mechanisms could contribute to axon radial growth (e.g., the increased density of the axonal microtubule (MT) cytoskeleton may affect axon calibers in the transgenic samples). If such increased MT accumulation is limited to internodal domains, it could account for the relatively reduced axon calibers seen at nodes. The density of MT observed in cross sections obtained from both nodal and internodal regions was significantly increased, strengthening the notion that factors other than NF accumulation are engaged in establishing the relative calibers of nodal and internodal domains in normal fibers. However, the extent of the MT density increase at nodes was not as large as that seen in control samples, leaving open the possibility that MT or other compensatory mechanisms might be involved. Alternatively, these size relationships could depend on physical properties of the axon; high amounts of F-actin, myosin, and mitochondria in paranodal loops could constrict nodal axons in an energy-dependent manner (Zimmermann, 1996, Landon and Hall, 1976) . Because axons of increasing sizes are surrounded by proportionally increased number of myelin lamellae, the number of paranodal loops, and consequently the capacity to exert such constrictive pressure, could increase with increasing axon calibers.
Despite the axonal NF deficiency in NFH-LacZ mice, nodal, paranodal, and juxtaparanodal components are correctly localized. Furthermore, the developmental switch between Nav1.2 and Nav1.6 occurs on the appropriate schedule. These observations indicate that NFs are not required to position or anchor nodal components. At least for the process of nodal positioning, our observations are consistent with the suggestion that molecules present in myelinating cells may play a significant role in this process (Boiko et al., 2001; Eshed et al., 2005) . It was shown previously that Nrg1-erbB signaling in PNS fibers plays an important role in controlling myelin thickness. Specifically, the amount of myelin formed is proportional to axonal Nrg1 type III levels (Michailov et al., 2004; Taveggia et al., 2005) . Because normal amounts of PNS myelin are produced by NFH-LacZ mice, we expected Nrg1 type III to be expressed to normal levels in PNS fibers. Whereas normal levels of the ErbB2 coreceptor were observed, Nrg1 type III accumulated only 50% of normal levels.
Although as yet unresolved, a number of mechanisms could account for this unanticipated result; NF might be required to stabilize axonal Nrg1 type III or the reduced caliber of axons might limit docking space, again affecting stability. Another possibility could be that upstream control at transcriptional or translational levels might be influenced by signals emanating from the caliber-reduced axons. Alternatively, because Nrg1 type III activity is dispensable for maintenance myelin sheaths in the adult (Atanasoski et al., 2006) , sufficient signaling to establish normal myelin levels might be achieved during early formation of myelin in these mice. Finally, Chen et al. (2006) showed that P0 gene expression is specifically regulated by Nrg1 type III. Thus, the reduction of axonal Nrg1 type III in the NFH-LacZ sciatic nerve may account for the observed reduction in P0 accumulation.
Axon electrical activity affects the supply of astrocyte-derived leukemia inhibitory factor, which in turn controls oligodendrocyte myelin elaboration (Ishibashi et al., 2006) . Although illuminating this pathway exposes at least part of the mechanism through which the timing of myeli- mice. Anti-␤IV-spectrin antibody recognized three bands of 140, 160, and 250 kDa. The lightest band corresponds to ␤IV⌺6-spectrin and the heaviest to ␤IV⌺1-spectrin. The amount of ␤IV-spectrin is unchanged in transgenic sciatic nerve and spinal cord. Tubulin is used as an internal control.B,Sciaticnerves(a-l)andspinalcordsections(m-v)from4-month-old(a-t)andpostnatalday10(u,v)wild-typeortransgenicmicewere immunostainedusingantibodiestoCaspr,pan-Navchannels,Nav1.2,Nav1.6,Kv1.1,and␤IV-spectrin.Remarkably,allofthesecomponentswere correctly localized in both normal and transgenic fibers. However, in transgenic mice, the paranodes are longer in the PNS when compared with control samples. The internodal localization of Caspr and Kv1.1 is also normal in transgenic sciatic nerve (i-l). The switch of sodium channels is correctlyachievedintheabsenceofNFsbecauseinspinalcord,Nav1.2ispresentinnodesofpostnatalday10NFH-LacZmice(v),andthenreplaced byNav1.6inadultmice(t).Scalebar,10m.C,Theamountofvoltage-gatedsodiumchannels(pan-Nav)isincreasedinboththeCNSandPNSof NFH-LacZ mice. The Nav1.2 amount is increased in transgenic spinal cord whereas the Nav1.6 amount is normal. Tubulin is used as an internal control. nation is controlled, the molecular mechanisms regulating the amount of myelin elaborated remain poorly defined. Our demonstration that Schwann cells and oligodendrocytes elaborate different amounts of myelin in response to a common axonal anomaly demonstrates that, whatever these control mechanisms are, they are not engaged in a similar manner by CNS and PNS fibers.
Internodal length correlates positively with axonal caliber (Fried et al., 1982) and this relationship is maintained in NFHLacZ mice. However, the absolute reduction in axon calibers of their CNS and PNS fibers is not associated with shortening of internodal lengths. Although the mechanism used by fibers to position nodes of Ranvier remains elusive, this result alone demonstrates that the absence of axonal NFs and alterations in the radial dimensions of axons and myelin sheaths are not disruptive.
That NFs do not participate in nodal positioning is consistent with several observations. During development, axonal sodium channels aggregate at the ends of oligodendrocyte sheaths (Rasband et al., 1999; Boiko et al., 2001 ). In retinal ganglion cell axons, sodium channels are limited to nodes in the distal myelinated segment whereas in the unmyelinated proximal segment, their distribution is diffuse (Boiko et al., 2001) . Also, deficiencies in laminin, dystroglycan, or gliomedin, which are localized to Schwann cell microvilli, affect the clustering of sodium channels (Saito et al., 2003; Eshed et al., 2005; Occhi et al., 2005) . Moreover, internodal length in adults depends on the initial positioning of nodes of Ranvier and on the subsequent capacity of myelinated cells to elongate during growth (Court et al. 2004) . If axons were to dictate nodal positioning, the fibers properties of NFHLacZ mice require that they must do so through a mechanism operating independently of axonal NFs, absolute axon calibers, myelin thickness, and normal conduction properties. Alternatively, if myelinating cells alone determine the localization of nodes of Ranvier, their elongation capacity must be controlled by axonal properties unrelated to NFs and absolute axon calibers. Consistent with this model and as seen in the fibers of NFH-LacZ mice, recent investigations have suggested that the thickness and length of the myelin sheath are controlled independently (Michailov et al., 2004) .
The long-term stability of neuronal populations in NFH-LacZ mice provides an ideal model to investigate the electrophysiological consequences of absent axonal NFs (Eyer and Peterson, 1994) . Optimum conduction velocities are achieved when internodal lengths are ϳ100 times the axonal caliber (Rushton, 1951; Friede and Beuche, 1985) . In NFH-LacZ mice, internodal lengths are ϳ200 times the axon caliber and, according to Rushton (1951) , such an abnormal ratio would increase internal resistance thus reducing capacity to activate sodium channels. This alone should lead to decreased conduction velocity and amplitude. Consistent with this model, lower conduction velocities are observed in several animal models characterized by reduced axon calibers (Sakaguchi et al., 1993; Zochodne et al., 2004) . However, despite the normal axon calibers realized in NFHϪ/Ϫ mice, conduction velocity is markedly decreased (Kriz et al., 2000) . Moreover, g ratios are markedly different in the CNS and PNS of NFH-LacZ mice, but similar alterations of conduction properties are observed. Together, these data suggest that axonal NF regulate conduction properties through mechanisms affecting fiber properties other than axon caliber or myelin thickness. One possibility is that medium-size neurofilament subunit and NFH, both heavily phosphorylated on their C-terminal tails, modulate ionic conductance, thus affecting the properties of axonal channels. Nav1.2 is normally distributed along unmyelinated fibers. The increased accumulation of Nav1.2 in the CNS of NFH-LacZ mice could reflect higher per-fiber accumulation or increased numbers of unmyelinated fibers. Because the amount of myelin extracted from NFH-LacZ spinal cord is proportionally lower than the average myelin thickness, an increased number of unmyelinated CNS axons might exist in NFH-LacZ mice. However, normal numbers of myelinated axons were observed in the CNS and PNS of NFH-LacZ animals, requiring that any increase in unmyelinated fibers was not at the expense of the myelinated fiber population (Eyer et al. 1998) . Alternatively, an increased density of Nav1.2 channels may be restricted to unmyelinated axons. Notably, Chen et al. (2006) observed that disruption of Nrg1-erbB signaling leads to hypersensitivity and suggested that altered accumulation, localization, or function of sodium channels could be responsible. Thus, the 32% higher levels of erbB2 observed in NFH-LacZ spinal cord might be sufficient to elicit increased Nav1.2 accumulation.
This investigation shows that withholding NFs from the axonal compartment has dramatic, but different, secondary consequences on the size and composition of myelin sheaths in the PNS and CNS. Moreover, conduction properties are strongly affected despite apparently normal placement, organization, and physical dimensions of nodes of Ranvier. These unique fiber properties provide additional insight into the axon-glial relationships that modulate the development of mammalian fibers.
